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By S. N a b i s h i ,  W. W. Velie, and L. Bryant 

The effect of flame-holder gutter  cross-sectional shape on after- 
burner performance  was investigated in an afterburner t e s t   r i g  which 
was 26 inches in.diameter. The fuel-air  distribution and burner inlet 
temperature (approximately 1250' F) were held  as nearly constant as 
possible,  and'the arrangement of flame-holder gutter elements was the 
same f o r  a l l  gutter shapes. Each flame holder was investigated over a 
wide range of fuel-air ra t io ,  burner inlet  velocity, and burner inlet 
pressure.  Variations in burner inlet  velocity were obtained by using 
choked  exJmust nozzles with different  throat  sizes.  Variations in 
burner inlet pressure w e r e  obtained by varsFng the.  afterburner a i r  flaw. 
Burner inlet  velocities ranging from 380 t o  700 feet per second  and 
burner inlet  pressures ranging frm 6 t o  20  inches of mercury absolute 
were covered during  the investigation. 

In general,  the combustion efficiency ranged from 90 percent a t  a 
burner inlet  velocity of 400 feet per second and a burner inlet  pressure 
of 15 inches of mercury t o  60 percent a t  a burner Inlet  velocity of 
700 feet per second and a burner Inlet  pressure of 8 inches of mercury. 
A channel-shaped gutter with a rounded upstream face had a combustion 
efficiency which was 7 percentage' points poorer than  that  for  the con- 
ventional  V-gutter. A flame holder  with  vortex generators at   the 
trail- edges had a canbustian efficiency which was 3.5 percentage 
pofnts better than that for  the conventional  V-gutter. Flame-holder 
shape did not  greatly  affect combustion limits. Turbulence produced 
by the  addition of upstream.vortex  generators t o  a conventional V-gutter 
flame holder appeared t o  have a  slight adverse effect on the  lean limit 
of combustion. A channel-shaped gutter w i t h  a flat upstream face and a 
conventional V-gutter which  had sharp-edged tabs a t  the  trailing edge 
gave the  highest  pressure  losses  both with and without afterburning. 
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In many cases of current  turbojet  power plants  for a i r c ra f i ,   t he  
need for thrust a u e e n t a t i o n  during certain  periods of flight operation 
d i c t a t e s  the use.of afterburners.  More extensive  needs have a r i s en   i n  
a i rcraf t   designed fo r .  transonic and supersonic flight. Some of the  per- 
formance charac te r i s t ics   des i rab le  Fn afterburners for such a i r c r a f t   a r e  
high  combustion eff ic iency a t  low pressurea,   stable combustion  over a 
wide range of fue l - a i r   r a t io ,  and low in t e rna l   d rag   t o  keep ta i l -p ipe  
pressure  loss and,  hence, t h r u s t  lose t o  a minimum, par t icu lar ly  during 
nonburning  operatian,  euch as in c ru i se   f l i gh t .  

As has been shown in numerous afterburner  investigations,  re-r- 
ences 1 t o  3, f o r  example, increasing  burner inlet velocity and de- . .  

creasing burner pressure have de le te r ious   e f fec ts  on both combustian 
eff ic iency and s t a b i l i t y  limits. Efforts t o  minimize the -1 e f fec t s  
on afterburner performance a t  increasing  velocity and decreasing  pressure 
or   to   improve’perfomnce  a t   g iven  condi t ions of operation have  been 
centered  primarily  about  design of the fuel in jec t ion  system, t h e   i n l e t  
d i f fuser ,  and the flame-holder  blockage or gu t t e r  width. The afterb-ers 
of‘ references 1 t o  3 and other  afterburners have generally used flame 
holders made  up of gutter  elements having a V, 8n H, or a semicircular 
cross  section.  Investigations of the e f f e c t s  of systematic changes in . 
gutter  shape on afterburner performance have been limited in scope, 
however. 

. .  
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Published literature on basic   s tudies  of flame s t ab i l i za t ion  and 
propagation  such as references 4 and 5 repor ted   s tab i l i ty  limits t o  be a 
function of approach stream veloci ty  aid gutter width; lh reference 5 
it was postulated that hot burned gases in the rec i rcu la t ion  zones 
immediately  behind  the flame holders  raised the temperature of the 
approaching mixture and provided can tmous  igni t ion.  Although the 
s tudies  of both references 4 and.5  ind i&te  ‘blow-ou% veloci ty  was. 
independent-of the   par t icu lar   s tab i l izer   shapes  tested over the range 
of conditions  covered by the investigations,  it appeared that rad ica l  
changes in gut te r  shape  which would strongly  affect   the  character of  
rec i rcu la t ion  behind the gutter  might-  corresp&dingly  affect  the limltls 
of flame s t ab i l i za t ion .  It was posslble also that the degeneration of 
combustion  performance a t . t h e  low pressure and high velocity flow con- 
d i t i ons  encountered in afterburner  operation might  be p a r t i a l l y  depen- 
dent upon t h e  shape of the  flame-holder  gutter elements. 

- .. 

An investigation of the isothermal wake flow charac te r i s t ics  behind 
various  gutter  shapes w a s  accordingly  conducted and is r e p o r t e d  In ref- 
erence. 6. The gu t t e r  shape altered the  frequency and s t rength of vor- 
t i c e s  shed from the body in the absence of combuetion. A n  attempt was 
made t o  relate the flow charac te r i s t ics  with parametere  which m i g h t  be 
indicat ive of the amount of rec i rcu la tory  mass flow behbd  the   gu t te r ,  
and which m i g h t  in turn have some bearing upon the  cmbustion  process 

” .. 
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utilizing bluff-body flame stabilizers. The exact mechanism of flame 
stabilization and its relation t o  nonburning  aerodynamic properties of 
various gutter shapes were not knm, however. 

An experimental investigation that included gutter shapes similar 
t o  those of reference 6 was therefore conducted at   the NACA Lew3.s labor- 
atory in a  large-scale simulated afterburner  test  rig t o  study the 
effect of flame-holder gutter shape on combustion  performance  and its 
possible relation t o  the wake flow characteristics found during the 
nonburning tests.  All gutter shapes were 1.5 inches wide. The same 
geometrical arrangement of gutter elements was  used for a l l  flame 
holders. The inlet  gas temperature was held  constant, and the fuel-air 
distribution was held as near as  possible t o  a uniform mixture. 
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A to ta l  of 10 gutter shapes was. investigated. Burner inlet  vel- 
ocities ranged from 380 t o  700 feet per second, and burner inlet pres- 
sures ranged from 6 t o  20. inches mercury absolute.  Afterburner  fuel-air 
ratio ranged from lean blow-out t o  either  rich blow-out or a  fuel-air 
ratio of.approximately 0.08. Data are presented t o  show the  effect of 
these  variables on combuetion performance. 

Emtallation 

The general arrangement of the full-scale afterburner  installation 
and a  detailed  sketch of the burner are  shown in figure 1. Cmbustim 
air   ( f ig .   l (a))  was supplied t o  the  preheater a t  approximately 80' F, 
and was heated t o  a temperature of 1250° F before enterlng  the gas mix- 
fng chamber.  The preheater, which sfmulated a primary turbojet engine. 
cmbustor,  consisted of eight J35 combustor cans. Upon leaving  the 
preheater  the hot gas was thoroughly diffused in the mixing chamber t o  
promote a uniform temperature d is t r ibu t ion  before entering the diffuser. 
A 44-percent-solidity  screen m a  placed a t  the  diffuser  entrance t o  in- 
sure  a uniform velocity  profile a t  this  station. 

The diffuser inner body was designed for a  constant rate of area 
increase except a t  the  discharge end  where the  rate of area change in- 
creased because of rounding-off the end of the Fnner body. The inner 
body was supported by four streamlined struts which separated  the 
diffuser ln to  four channels extending f r o m  the  diffuser  inlet t o  station 
2. The installation of the various flame holders was accomplished  by 
the removal of an accessible spool piece t o  which the flame holders 
were attached. A quartz  window 3 inches wide  and 6 inches long was 
placed in the spool section t o  provide a means of observing the flame 
front durFng cabustion and t o  faci l i ta te  recording blow-outs. A n  in- 
ternal view of the burner showing details of the  diffueer contours, the 



4 NACA EM E53514 F 

spray bar, and the  flame-holder  locations i s  shown in figure l ( b )  . The r' 

burner was 25.75  inches in diameter  (inside  aimemion) and approxbately 
53 inches long. The fuel in jec tors ,  which were ins ta l led  in the   d i f fuser  
section, consisted of 24 rad ia l   spray  bars equally spaced  around the cl r -  
curnf'erence of the dlffuser and looated  29.5  inches  upstream of the flame 
holder. Each spray bar contained elght o r i f i c e s  0.020 inch in diameter, 
as sham in figure 2.  In some phases of the   inveet igat ion where higher 
air  flows were encountered,  spray bars with or i f i ce s  0.030 Inch In diam- 
e t e r  were employed in an endeavor t o  maintain comparable magnitudes of 
f u e l  manifold  pressure. The fuel was injected normal t o  the air stream 
at a l l  times. 

Flame holders. - Ten d i f f e ren t  flame holders, the d e t a i l s  of which 
are shown in figure 3, were used in the inveet igat lm.   Figure 3(a) shows 
the arrangement of gut te rs  whioh wae charac te r i s t ic  of a l l  the flame 
holders  used. The flame holders, which  were supported by four r a d i a l  
streamlined  struts,  were composed of 2 annular  gutters with mean diam- 
eters of9.5 ana 18.5 inches, interconnected by four radial gutters of 
the  erne shape as that of the annular   gut ters .  The wldth of the gut te r  
elements was 1.5 inches and the  projected  blockage,  exclusive of stream- 
lined supporting s t r u t s ,  was 29 percent of the  burner  cross-sectional .; 

area.  
.. - 

. 
Detai ls  of the  gutter  cross-sectional  shapes used with the  various 

flame  holders  are shown in  f igure 3(b) .  Flame holder l . h a d  the conven- 
t ional  V-gutter.  Flame holder 2 had a channel  gutter with a f l a t  up- 
stream  face. Numbers 3 and 4 had sharp-edged  and  round-edged  tabs,  re- 
spectively, mounted along the trailing edges of V-shaped gut te rs .  Num- 
ber  5 had a cambered V-gutter and 6, a conventional  V-gutter with vor- 
tex generators mounted upstream of the  leading  edge. Number 7 had a 
V-gutter with a crescent-shaped  element 0.5 inch wide attached t o  the 
t r a i l i n g  edges of the gutter. Flame'holder 8 had a conventional V- 
gu t te r  w i t h  vortex  generators mounted an the s ides  of the  gutter.  NUm- 
ber 9 had the combined features .  o f  flame holders 5.. and 6 with vortex 
generators mounted upstream  of a cambered V-gutter. Number 10 had fea- 
tu res  shnilar t o  2, except that the upstream face was  semicircular and 
the  over-al l   length of the  gut ter  was increased 0.75 inch. The included 
angles of the V-type gut te rs  *re  decrea-sed from 34' t o . 3 0 °   i n  some 
cases  to  accamodate  the tabs a t   t h e   g u t t e r   - l i p .  The spacing a t   t h e  
vortex  generators  for  flame  holders 6, 8, and 9 i s  sham i n   f i gu re   3 (c ) .  

. .  

" 

. . . . " . 

. .  . .. - "_ 

Exhaust nozzles. - Converging-diverging  exhaust  nozzles  with  three 
d i f f e ren t   t h roa t   s i ze s  were used t o  cover a range of burner  inlet   veloc- 
i t i e s .  The divergent  section of the  exhaust  nozzles downstream  of the 
throa t  was used t o  induce choking a t   t h e   t h r o a t  under sane c o n U i o n s  of b 

marginal  exhaust  system  capacity. The nozzles  differed  only  in  throat 
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area and angles of divergence. The percentages of throat  area t o  burner 
cross-sectional  area f o r  the  three  nozzles were  52.2, 70, and  82 percent, 
which, f o r  choked flow, gave ranges of burner inlet  velocities frm approx- 
imately 380 t o  450 feet  per second, 500 t o  600 feet  per second, and 580 t o  
700 feet  per second, respectively. The higher  velocities  for each nozzle 
were obtained at  fuel-air  ratios in the  region of lean blow-out and the 
lower velocities, in the  vicinity of r ich blow-out. The nozzles were 
capable of remaining choked d m  t o  an over-all nozzle  pressure rat io  

eo (ratio of nozzle inlet pressure t o  nozzle exhaust pressure) of 1..25. 
(0 
P 
CD 

Instrumentation 

. 

Pressure and temperature measurements  were taken a t  various stations 
throughout the  setup, a8  shown in f3gure l ( b ) .  More specific  details of 
the  instrumentation a t  some of the  stations  are shown in figure 4. 
Twenty-five rnanz-type chrmel-alumel thermocouples were located a t  sta- 
t i on  2 f o r  recording afterburner  inlet  total temperature. The arrange- 
ment of the thermocouplee a t  this  s t a t i m  is shown in figure  4(a). 

A t  the burner inlet,  station 4, 26 total-pressure probes, 4 stream 
s ta t ic  probes, and 8 wall s ta t ic  taps were located as sham in figure 
4(b).  Accammodations  were also made at   station 4 f o r  inserting a fuel- 
air ra t io  sampling  probe in 4 circumferential  positions. The fuel-air 
ratio sampling  probe was made of 3/16 inch  Inconel tub- with a 0.032 
inch wall thickness;  the probe inlet faced directly i n t o  the  fuel-air 
stream. The -probe moved on a  radial line from the w a l l  of the  burner. t o  
a point  11.25 inches f rom the wall. The fuel-air  ratio of the sample 
drawn from the burner was determined by an NACA analyzer  described in 
reference 7. 

A water-cooled total-pressure rake was located a t  the burner out- 
let,  station  5. Twelve copper probes spaced m equal  areas and arranged 
as shown in figure 4(c) were used. In addition t o  the  total-pressure 
rake at  station 5, two wall static  taps were located at   this  station 
diametrically opposite each other. 

PROCEDURE 

The preheater  supplied a i r  heated t o  1250° F t o  the  afterburner in- 
le t .  With the a i r  flaw set and the  afterburner  inlet temperature a t  
1250° F, the e a u s t  nozzle was unchoked t o  raise  the burner inlet pres- 
sure and t o  lower the  inlet  velocity. The afterburner was then  ignited 
a t  a burner fuel-air  ratio of approximately 0.050 by use of a  torch-type 
imitor ahead of the flame holder.  After  ignition was complete, the 
torch  iepitor was shut o f f  and the exPlaust nozzle was  choked by decreas- 
ing exhaust pressure. With the exhaust nozzle choked, runs w i t h  constant 
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air flow were made a t  different fuel flows t o  vary  fuel-air  r a t i o .  A i r  
flow was se t  and maintained  constant for a given series of runs by a 
choked valve in the air supply line upstream  of the test  f a c i l i t y .  The 
f u e l - a i r   r a t i o  range covered was from lean blow-out t o  r ich blow-out or  
t o  a fnel-air ra t io   o f  0.080, whichever  occurred first. Large  step changes 
in inlet pressure were obtalned by making runs at  d i f fe ren t  a i r  flows, and 
Large s tep  changes in inlet velocity were m a d e  by using exhaust nozzles of 
d i f fe ren t   th roa t  area. A t  a given a i r  flow,  changes in fuel-air r a t i o  re- 
sulted in emall changes in both inlet veloci ty  and inlet  pressure due t o  
t h e  changes in temperature rise. The range of conditions covered for 
each flame holder is mmmarized in t ab le  I. A l l  flame-holder shapes 
were investigated a t  an W e t  veloci ty   level   of  500 t o  600 feet per 
second and B a n e  of the flame-holder shapes were investigated at two other 
veloci ty   levels .  Dura the investigation a range of veloci t ies  f r a m  380 
t o  700 feet per second  and a range of pressures. from 6 t o  20 inches of 
mercury absolute were covered. 

I so themal  preflsure  drops (afterburner inoperative) at d i f fe ren t  in- 
l e t  ve loc i t ies  were determined by changing exhaust  pressure with an EL= 
choked exhauet  nozzle. 

S t a b i l l t y  l h i t e  were determined by observation of flame ext inct ion 
th rough  the quartz window in the s ide of the burner. The s t a b i l i t y  limit 
was approached gradually by slowly increasing or decreasing f u e l  flow. 
A t  the instant of blow-out, fuel flow and burner exit t o t a l  pressure were 
recorded t o  permit  definit ion of the s t a b i l i t y  limits and t o  ccmpute com- 
bustion  efficiency a t  the stabil i ty limit.  Afterburner a i r  flow (actually 
a i r  flow  plus  preheater f u e l  flow) wa8 determined f o r  a given seriee of 
runs from to ta l   p ressure  a t  the burner exit with no burn- and with the 
exhaust nozzle choked. The exhaust nozzle throat area was kmm, and an 
assumed flow coeff ic ient  was used in the cmputation (see appendix A ) .  

The r a t i o  of afterburner exit t o  inlet temperature w88 calculated 
using the r a t i o  of burner exit  t o t a l   p re s su re  with bw%'*. t o  tEat 9Or 
nonburning w i t h  the.noZzle choked, and combustion efficiency w&6 taken 
as the r a t i o  of actual afterburner  temperature rise t o  the ideal tempera- 
ture rise a t  the same fue l - a i r   r a t io .  The i d e a l  temperature rise was 
obtained from an ideal temperature rise curve in which dissociation was  
taken i n t o  account  (see ref .  8).  Computatio&fprocedures  used in deter- 
mining afterburner temperature r a t i o  and combustim  efficiency are given 
in appendix A. 

Radial fuel-air d is t r ibu t ion  was checked in 8 0 Y e r a l  cases at various 
circumferential p o s i t i o n s   t o  w i t h i n  2 inches of the burner center line 
and immediately-ahead of the flame holder. The fuel-air   surveys were 
made while  afterburner combustion was in progress. 

". 
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The fuel used for this  investigation was MIL-F-5624A grade JP-4, 
which  had a heating value of 18,725 €3tu per pound m d  a hydrogen-carbon 
ratio of 0.172. 

RESULTS AmD DISCUSSION 

Burner Flar Conditions 

Inasmuch as the  effect of flme-holder  gutter &ape cm combustfan 
performance was of prime interest, it was desirable that a l l  variables 
pertaining t o  burner flow ccmditfons be maintained as nearly constant as 
possible over the  entire range of the  investigatim. In particular,  the 
gas temperature profile , flow velocity  profile , and fuel-air dis t r ibut ion 
were controlled w i t h i n  the limits shown in figures 5 t o  8. 

Gas temperature. - The gas temperature distribution measured at   sta- 
t i m  2 ahead of the fuel injection  station i s  shown in figure 5. Three 
levels of burner inlet  velocity  are presented in figures 5(a) t o  (c) 
for high burner inlet  pressure  (high a i r  flow) conditions. Except for 
the lower quadrant, the gas temperatures wBre within a band of 60' F. 
A t  the lowest velocity  level, temperatures in a l l  quadrants were within 
a 60° P band. The radial  variations in temperature were similar at a l l  
points around the circumference, w i t h  a slight lowering of temperature 
near the  outer  wall. 

figures  5(d),  (e), and (f), the temperature profiles  at low 
pressure a re  shown for  the  velocity  levels corresponding t o  those f o r  
figures  5(a), (b), and (c),  respectively. The pattern was essentially 
the same as f o r  the high pressure  operating  conditions except that a 
maxFmum deviation in temperature of 200' 3' occurred a t  the lowest pres- 
~ u r e  ELnd velocity (fig. 5 ( f ) )  . 

Burner inlet  velocity. - T y p i c a l  gas velocity  profiles a t  the burner 
inlet  (station 4) surveyed across a horizontal diameter are shown in fig- 
ure 6 for average burner-inlet  velocities of  382, 510, and  675 feet per 
second. The velocity  profile had the same shape for all three  velocity 
levels and is representative of the type found in  afterburners used on 
actual engines. The low velocity core indicated a very thick boundary 
layer o r  a partially separated flow regfan due t o  the  large curvature 
of the  diffuser  inner body a t  the downstream end. As might  be expected, 
the peaks  and troughs in the  velocity  profiles were accentuated a t  the 
high velocities. 

Fuel-air distribution. - Surveys of fuel-air  distribution made at 
station 4 with  the burner operating at  inlet  velocities between  480  and 
520 feet per second are shown in figure 7. Surveys are shorn for a fuel- 
a i r   ra t io  of 0.050 a t  a burner inlet  pressure of 10.5 inches of mercury 
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absolute and 0.065 a t  a burner inlet pressme of 18.5 inches of mercury " 

absolute. Figures 7(a), (b), m d  (c) show the d is t r ibu t ion  f o r  these 
conditions at three posit ions around the burner circumference  de'signated 
as degrees of angular posit ion by the ccmventim  adopted in  f igwe 4 (b) . 
Although some minor nonuniformities in the fuel-air   mixture  along  the 
radius as w e l l  as around the circumference are  evident, the  pat terns  are  
representative of r e s u l t s  that could be achieved in the  pract ice  of high- 
output  afterburner d e s i e p .  The nonreproducibility of the fuel-air d i s -  
t r ibu t im pattern near the center of the burner f o r  the three angular m 
posit ions may be a t t r i b u t e d   t o  the unpredickable eddy and recirculatory- 
flow behind the end of the d i f fuser  M e r  body. 

rl m cu 

The fhel-air r a t io   d i s t r ibu t ions  a t  a canstant a i r  flow rate but  
with three levels of burner inlet veloci ty  (400, 500,  and 650 f t / sec)  
a r e  sham in figure 8. A t  the 90' posit ion  (fig.  8(a)), the   d i s t r ibu t ion  
wtth a velocity  of 650 feet per  erecond and a f u e l - a b   r a t i o  of0.065 was 
e b i l a r  t o  that with a velocity of 400 feet per seoond and a fue l -a i r  
r a t io   o f  0.050. . . 

Visual inspec-Mcm of the curve8 in figures 7 and 8 reveals that 
the average surveyed f u e l - a i r   r a t i o  was lower than the over-all  fuel- 
a i r  r a t i o  cmputed frm gross measurements of fuel and a i r  flow. The 
absolute values of the surveyed f u e l - a i r   r a t i o  are therefnre doubtful, 
but  they may be considered indicative of the re la t ive  fuel-alr r a t i o  
d is t r ibu t ion   ac tua l ly  existing along the burner radiue. 

Typical Performance Characteristics 

Except f o r  observed differences in the steadiness' of the flame 
accompanied a t  times  by increase in sound level due t o  rough  burning, 
there were no outward indications of differences in combustion character- 
i e t i c s  f icm m e  flame  holder t o  another. A cr i t ical  comparison of t he  
various flame holders  thus  ntceseitated a complete performance evalua- 
t i o n  for each gutter shape and exhaust nozzle size, w h i o h  involved 
making approximately 1200 runs, followed by  crosi-plott ing of d a t a   t o  
determine performance a t  the same conditions of pressure,  velocity, 
and fuel-alz- r a t t o .  

A plo t  of data for the conventloml  V-gutter flame holder (flame 
holder 1) , which were obtained w i t h  the 70 percent exhaust nozzle, 
is s h m  in figure 9. These data were a rb tb ra r i ly  seleoted t o  ehaT re- 
s u l t ~  which &re tnical of those  obtained with a given  exhaust nozzle 
s i z e .  The Individual curves shown in figure 9 a r e  for constant value8 
of air flaw, and the various  quantities  definingperformance are plotted 
against afterburner fuel-air r a t i o .  (A detai led discussion of the sig- 
nificance of any special canbustion  variables dl1 be found In appendix 
A. The symbols used in appendix A and elsewhere in this report  are de- 
fined in appendix B. ) 
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The combustion eff iciency shown in figure 9 (a) is cumparable with 
those  eff ic iencies  used in references 1 t o  3 and 9 .  A s  sham in figure 
9(a),   the  value of combustion e f f ic iency  a t  a i r  flows of 16.87 and 21.33 
pounds pe r  second was re lat ively  constant  between fuel-air r a t i o s  of 
0.047 and 0.067. The general   level  of efficiency  decreased 20 percen- 
tage  points as the air flow decreased from 21.33 t o  8.20 pounds per 
second; there  was an attendant  decrease in burner inlet pressure fram 
about 16 t o  6.5 inches of mercury  absolute  for this change in air  flow 
rate, as Shawn in f igure  9(b) .  The f u e l - a i r   r a t i o   f o r  peak efficiency, 
at fuel-air   ra t ios   leaner   than  s toichiometr ic ,   general ly   shif ted from 
about 0.047 t o  0.057 as the  burner inlet pressure  decreased from 16 
to 6.5  inches of mercury absolute.  As f u e l - a i r   r a t i o  was varied a t  a 
constant a i r  flaw, there  was a simultaneous change in both  burner inlet 
pressure and velocity, as shown in f igures  ~ ( b )  and (c),   respectively.  

The computed values of cmbust ion  eff ic iency a t  lean or  r ich blow- 
out were somewhat sporadic.  Although  the data were obtained  under tran- 
sient conditions  the primary var iab le ,   a f te rburner   fue l  flow, was  being 
changed very  slowly a t  the  time of blow-out . Generally, however,  blow- 
out was preceded bg apprec iab le   ins tab i l i ty  and f l i cke r ing  of the com- 
bustion zone. This flame i n s t a b i l i t y   n e a r  blow-out was cansidered t o  
be a fac tor   cont r ibu t ing   to   the   sporadic   devia t ions  of combustion 
efficiency. 

The s t a b i l i t y  limits are defined as the canbination of af terburner  
fuel-air r a t i o ,  combustion-chamber preasure, and burner inlet ve loc i ty  
at blow-out  and are shown as the dark end points  in figure 9. As the 
burner   out le t  pressure (fig. 9(d))  decreased  from  12.6  inches of mercury 
absolu te   to  5.4 inches of mercury  absolute, the lean blow-out fue l - a l r  
ra t io   increased f'rm 0.03 t o  0.06. A t  pressure  levels  of 12 and 15.5 
inches of mercury  absolute,  rich blow-out was not  encountered at fuel-  
air r a t io s   s l i gh t ly   g rea t e r   t han  0.08. The low pressure at which the 
lean and the  rich lfmit converged indicated the pressure below which 
flame would no t   s t ab i l i ze  at any f u e l - a i r   r a t i o   f o r   t h e   b u r n e r  inlet 
ve loc i t ies  which existed.  

A f a c t o r  which contr ibuted  to   narrowing  the  s tabi l i ty  limits was 
the combining e f f e c t  of velocity,  pressure, and fuel-air r a t i o  near 
blow-out. With a fixed-area choked exhaust  nozzle, the burner inlet 
veloci ty  was a function of the temperature r a t io   ac rose  the burner. 
A t  a given air flaw, as f 'ue l -a i r   ra t io  approached  blow-out, a drop in  
efficiency, o r  temperature  ratio,  caused a drop in pressure and an 
increase in velocity.   Both  factors were changing in the   d i rec t ion  of 
unstable combustion and precipi ta ted blow-out . 

The cmbustion temperature T5 plot ted in f igure  9(e)  is the over- 
a l l  bulk  temperature of a hypothetical  gas m i x t u r e  which would g i v e   r i s e  
t o  a p a r t i c u l a r   t o t a l   p r e e s w e  upstream of a choked s t s t i o n  having a 
known area and discharge  coefficient.  The peak in temperatures  for the 
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conditione  inveetigated  occurred between f u e l - a i r   r a t i o s  of 0.060 and 
0.072. The  maxFmum temperature of  3740° F obtained for thfs configura- 
t i on  occurred a t  a f u e l - a i r   r a t i o  of 0.072 and a burner W e t  pressure 
of 16.7 Inches of mercury  absolute. The canbustion  temperature a t  peak 
efficiency for th is   p ressure  level was 3360° R a t  0.045 fue l - a i r   r a t io .  

The broken  curve in f igure  9(e)  indicates the  ideal  temperature 
curve which  might be obtained  with 100 percent combustion .eff ic iency.  
The f la t ten ing  of the  experimental  temperature  curve  near  Stoichiometric m 
f u e l - a i r   r a t i o  caused a more pronounced departure from the  ideal than a t  
o ther   fue l -a i r   ra t ios  and resulted in the  dip in the  eff ic iency curve 
of figure  9(a).  This  accentuated  departure from the   ideal  curve may be 
due t o  combined e f f e c t s  of nontmifomities Fn t h e   f u e l - a i r   r a t i o  die- 
t r ibu t ion  and the  presence of preheater combustion  produuts. It is a l so  
pOBBible that the  assumptions  regarding  the  effect of dissociat ion on 
idea l  combustion  temperature rise w e r e  not   ent i re ly   correct ,  and that 
the  ideal curve  should in r e a l i t y  be more f la t  in the  region of stoichio- 
metr ic   fuel-air   ra t io   than is ehown. 

rl 
0, cu 

. .. . .  

. .  . .  - 

The r a t i o  of total-pressure loss across   the flame holder and the 
burner to   the   burner  inlet pressure is shown in figure 9( f )  for   both s 
nonburning and burning conditione. In the nonburning case  thepressure 
loss W ~ S  due t o   f r i c t i o n  and turbulence and is desimated  drag. This 
loss varied from 0.020 t o  0.043 times the  inlet total pressure  with  the 
greater  loss occur r i ng  at  the  high air  flows (.or, .lnaamuch as the  veloc: 
i t y  was approximately  conatant, a t  high  Reynolds  numbers). (The present 
investigation covered .a Reynolds number range from 9000 t o  25,000. ) 

- 
- -. 

The  pressure l o s s  with  burning ranged from approximately 0.045 t o  
0.075 times the inlet -pressure, and at a g iven   fue l - a i r   r a t io  it varied 
wi th   in le t  air  flow in- 8 mabner slmilar t o  that found in the case of 
nonburning. The pressure ~ O B B  with  burning was the  sum of the drag and 
the momentum losees   resul t ing from the   heat ing and accelerating of the 
gases in a constant-diameter  duct. As cambudion  temperature  increased, 
the  pressure loss first increased and then approached a nearly constant 
value. 

. . . . ." 

Eff'sct of  Flame-Holder Gutter Shape on Combustion Efficiency 

The combustion  performance  of a typ ica l  flame holder wa8 presented 
in the  previous sectim as a function of afterburner f u e l - a i r  r a t i o .  
Similar p lo t s  of  performance data from other flame holders  shared  the 
same general chsrac te r i s t ics .  Cross plots of the  performance data,  such 
8s t&at shown in figure 9, were made a t  constant  values of afterburner 
f u e l - a i r   r a t i o  in order t o  determine the   e f f ec t s  of flame-holder  gutter 
shape on combustion efficiency. 
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The effect of burner inlet pressure on combustion efficiency  at  the 
three main velocity  levels for the various flame-holder shapes is  shown 
in figure 10 for a fuel-air  ratio of 0.047, and in figure 11 f o r  a fuel- 
a i r   ra t io  of 0.067. The data shown in each p a r t  of figures 10 and 11 
are f o r  a fixed exhaust nozzle throat  size, and the burner inlet  veloc- 
i ty ,  as a result, varied slightly with  cmbustion  efficiency. A s  can 
be seen in these  figures,  the  variation of cmbustion  efficiency  with 
burner inlet pressure a t  both fuel-air  ratios m a  generally  the same 
for a l l  flame-holder shapes. The combustlon efficiency decreaeed with 
decreasing burner pressure, and the  rate of decrease in combustion 
efficiency increased  wlth increasing burner inlet  velocity. A peculi- 
a r i t y  in the behavior of cmbustion  efficiency  with burner inlet  pressure 
can be  observed for the lowest velocity  levels  (figs.  lO(a) and l l ( a )  ) . 
Above pressures of approximately 15 3nches  of mercury absolute,  the 
efficiency appeared t o  decrease slightly with  increasing  pressure. 
The reasons for this  apparent decreaee in combustion efficiencywith 
increasing  pressure  are unlmown. 

The effect of velocity on combustion efficiency f o r  the  various 
flame-holder shapes is shown in figures 12 and 13 for fuel-air  ratios 
of 0.047  and  0.067, respectively. The trend of ccanbustim efficiency 
w i t h  increasing  velocity was again  similar for a l l  flame-holder shapes. 
The combustion efficiency decreased with  increasing  velocity a t  a rate 
which was primarily dependent upon the  pressure  level in the  burner. 
For a fuel-air  ratlo of 0.047 an increase in velocity -from 400 t o  600 
feet per second was accompanied  by about 7 percentage p o h t s  l o s s  in 
efficiency  at a burner inlet pressure of 15 inohes of  mercury absolute 
(fig.   U(a)).  A t  8 inches of mercury absolute  (fig. 12(c)) ,  the same 
increment of velocity  increase caused a loss of about 15 percentage 
p o i n t s  in efficiency.  Similar  interrelated  effects of pressure and 
velocity were found a t  a fuel-air  ratio of 0.067, as sham in figure 13. 

A s  shown in figures 10 t o  13, the  over-all  variation in canbustion 
efficiency was fram about 90 percent a t  a velocity of 400 feet per second 
and a pressure of 15inches o? mercury t o  about 60 percent a t  a velocity 
of 700 feet per second  and a pressure of 8 inches of mercury.  Although 
wi th in  the  over-all range of CmbuBtion efficfency  variation  the  trend 
of combustion efficiency with either  increasing  velocity or decreasing 
pressure was similar f o r  a l l  flame-holder shapes, the performance of 
each of the various flame-holder shape8 a t  given conditions of' velocity, 
pressure, and fuel-air  ratio was not exactly  the erne. A t  given condi- 
tions of operation,  differences of 5 t o  10 percentage points f o r  the 
various flame-holder shapes were observed. Because the  differences in 
combustion efficiency were not  conslatent, however, a more detailed 
examination of the  data was necessary in order t o  isolate  the  actual 
magnitude. of effect of flame-holder shape on combustion efficiency. 
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Although normal Inaccuracies in combustion eff ic iency due t o  exper- 
imental e m o r  are a8 much as 5 t o  10 percentage  points,  they may be 
assumed t o  be largely random Jn nature. Averaging a large number of data 
points  might,  therefore,  bring  out any t rends due t o  flame-holder ahape, 
even though small and obscured  by data scatter. To accomplish thi.6 
averaging  treatment,  differenme a t  identical   conditions of fue l -a i r  
r a t i o  and preeeure between the  ombustion  efficiency  obtained with the 
conventional  V-gutter (flame holder 1) and that obtained with each of 
the  other  flame-holder shapes were determined from p lo t s  similar t o  
those in figure 9. Comblnatione of f u e l - a i r   r a t i o  and pressure were 
arb i t ra r i ly   p rese lec ted   to  give a wlde range of conditians Etna a Large 
number of averaging  pointe for each flame holder. The differences in 
effFciency  obtained were then  averaged  ari thmetically  to  determbe the 
merit of a glven flsme holder   re la t ive t o  the cmventional  V-gutter. 

The r e s u l t s  of this averaging  process  are 6haWn in bar-graph form 
i n  figure 14. The average  differenwe in eff ic iency are arranged where 
possible in order of increasing K/V, a vortex-strength  parameter which 
was found in the isothermal  investigation .of reference 6 t o  be  character- 
i s t l c  of a given  flame-holder shape. Also shm in f fgure 14 is the  
t o t a l  number of expe rhen ta l  runs Made for each flame holder. 

For the  first seven  flame-holder  ahapes sham in figure 14, there  
is no evidence of any funct ional   re la t ion between the ccanbustion e f f i c -  
iency and the vortex-strength  parameter. The results do, however, show 
some differences in combuetion eff ic iency between the  various flame-holder 
shapes. The U-shapea gut te r  (flame holder LO) has a combustion effiolency 
approximately 7 percentage  points  poorer than that for the conventional 
V-f lame holder, a r e s u l t  in qua l i ta t ive  agreement with  other  experiments 
reported in  reference 10. A flame holder  with vortex generators  near 
the downstream edge of the legs of the  'V" (flame  holder 8) had an aver- 
age combustion effioiency which w a ~ l  3.5 percentage  polnte  better than 
the  cmventional V, and three other flame holders had ef f ic ienc ies  
ranging fYm 1.5 t o  2.0 percentage  points  better. 

Thus, the   over-al l   d i f ference in combustion eff iciency  due to flame- 
holder ehape was 10 percentage  points. "ha maximum improvement In cam- 
bustion  effiaiency  over the omventitma1  V-gutter f l a m e  holder was only 
3.5 percentage  pogte,. however. A l l  four flame holders (5 t o  8) which 
had m o r e  than 1 percentage  point  superiority  over the conventional 
V-gutter flame holder hsd_alightl;g higher pressure drops, as 
will be discussed in more detail, and these  character ls t ice  as w e l l  a8 
r e l a t i v e   d i f f i c u l t y  of manufacture would have t o  be considered when 
choosing a flame-holder  &ape for pract ical   appl icat ion.  

0, 
rl 
m 
N 
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Effect of Flame-Holder Gutter Shape on Pressure LOES 

The pressure loss across a body In a movlng gas stream is indicative 
of the change In momentum of the gas in the  direction of the flow, or  the 
drag force incurred upon the body. In the case of nonburnhg, the momen- 
tum change in the gas stream is the difference in momanturn between the 
undisturbed free stream and the wake region behind the  gutters. The 
pressure loss without burning is an important consideration in after- 
burner design primarily because of i t a  effect on economy of engfne  opera- 
t ion in cruising  flight. In the case of burning, the  losees  consist of 
not only the flame-holder drag  but also the loss in momentum  due t o  the 
acceleration of heated gases in a  constant-diameter duct. Losses in this  
case would be a function of the combustion-chamber inlet  cmditima (Mach 
number and pressure) and the temperatme rat io  across  the burner. Pres- 
sure  losses with burn- ere important because of the  direct  effect on 
maximum output obtainable *om an afterburner, and also, in erne cases 
where supersonic fl ight plans call f o r  a cruiee  with  afterburning, 
because of the  effect on over-all econmy of engine operation. 

Losses without bumin&. - The ra t io  of the loss in total  pressure 
across various flame-holder gutters with no b u r n u  t o  the t o t a l  pressure 
upstream O f  the  gutters is Shorn in f i m  15 88 8 fundim Of inlet vel- 
ocity. Up t o  velocities of 400 feet per second, losses  for a l l  the  gutter 
shapes were 1 percent or less of the upstream pressure. A t  650 feet per 
aecond, the  losees  varied Frm 1 t o  3 percent of the upatream pressure. 

The smallest losses were exhibited by the  cmventional V-gutter 
flame holder (1) and the U - s ? s p d  flame holaer (10) . Flattening  the up- 
stream face of the U-shaped gutter and adding sharp-edged tabs t o  the 
trail ing edges of the V-gutter gave  flame holders (2 and 3) with  the 
highest  preesure losses. Camberkg the walls of the  V-gutter o r  adding 
vortex  generators  both upstream and a t  the  trailing edge of the  gutter 
legs, o r  adding semicircular tabs t o  the  trailing edge  gave flame holders 
(5 t o  8) with  intermediate  pressure drops. These  flame holders, which had 
a pressure drop approximately 1 percentage point higher  than for the con- 
ventional V-gutter a t  a velocity of  650 feet  per second,  were previously 
ahown t o  have a slight  superiority over the conventional V-gutter with 
respect t o  combustion efficienoy. 

Losses  With burning. - Figure 16 the  pressure 1088 r a t i o  with 
burn- for  five  gutter shapes a t  burner inlet  veloclties of 500 and 600 
feet per second as a function of burner temperature ratio. A t  a burner 
Inlet  velocity of 500 feet per second, as shown in figure 16(a), the 
differences in pressure loes ra t io  for the conventions1 V-gutter flame 
holder,  the cambered V-gutter flame holder, and the flame holder  with 
upstream vortex  generators were simil8r over the  entire range of tem- 
perature  ratio. The flame holders  with  the  flattened upstream face and 
the sharp tabs a t  the  trailing edge had the highest loeses, as was the 
case with no burning. 
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A t  a bwper  Inlet velocity of 600 feet per second (fig. 16(b)), the 
trends of pressure loss r a t i o  w i t h  both  temperature  ratio and flame-holder 
shape were similar   to   the  t rends  obtained a t  a burner- inlet   veloci ty  of 
500 feet  per second. The increase in veloci ty  frm 500 t o  600 fee t   per  
second increased the pressure 108s r a t io   by  2 t o  4 percentage  points. 

Effect of Flame-Holder Gutter Shape on Stabi l i ty   Limits  

A s  explained In,a previous  section, combustion s t a b i l i t y  limit l e  
the combination of flow variables and fuel-air r a t i o  a t  which flame can 
no longer  be  stabilized and propagated i n t o  the main stream. A typ ica l  
set of blow-out data is shown in figure 17 .where the fue l - a i r  ratio aid 
burner  pressure a t  the  instant of  blow-out are p lo t ted   for  the cmven- 
t i ona l  V - g u t t e r  flame holder. Data, are  shown for the three e&aust=- 
nozzle sizee. The locus of blow-out poin ts   def ines   the   s tab i l i ty  limit, 
which In figure 17  covered a wide  range  of.  burner inlet veloci t ies .  The 
numbers beside each blow-out  point- indicate the veloci t ies  a t  time of 
blow-out computed as a function of the burner  tamperatwe  ratio.  

" .. 

A cross  plot  at omstant  burner inlet veloci t ies  of the aforemen- 
tinned blow-out d a t a   f o r  the canventions1  V-gutter flame holder is shown 
in figure 18. Only limited  data were obtained a t  a veloci ty  of 700 feet 
per second  and as a r e s u l t  the r i c h  limit is not shown f o r   t h i s   v e l o c i t y .  
The variat ion of e t a b i l i t y  limits w i t h  cormbustion-chamber pressure f o r  
the  conventional  V-gutter flame holder was typioal  of s t ab i l i t y   l imi t e  
of the  other  flame-holder gutter shapes. As cmbustion-chamber  pressure 
decreased, the fuel-air r a t i o  a t  which  blow-out  occurred changed slowly 
until a p r e s m e  of about 7 inches of  mercury was reached. Below 7 
Inches of mercury the   s t ab i l i t y   l imi t e  were very senBit1v-e t o  preesure. 
The lean and r i c h  limits converged rapidly until, a t  some minimum pres- 
sure, flame would not   s tab i l ize  a t  any fuel-alr ratio f o r  a given burner 
inlet  velocity. This minimum pressure  for  flame stabi l izat ion,  w h i c h -  
was dependent upon the  burner inlet velocity, was not determined f o r  
a l l  flame-holder  gutter  shapes. 

A canparison of s t a b i l i t y  1bits f o r  a selection of four flame- 
holder gutter  shapes a t  a burner inlet veloci ty  of 500 feet per aecond 
is shown in figure 19. The limits of a l l  shapes f o r  which data w e m  
suf f ic ien t ly  complete  grouped wlthin a fuel-air  r a t i o ' o ?  0.01 except at 
very low presauree. The flame holder w i t h .  sharp-edged t abs  was s l igh t ly  
poorer than the others at the .rtch l imi t ,  and the flrune..holder w-ith up- 
stream vortex generators waa poorer a t  the lean l imi t .  

S t ab i l i t y  limits for the same gutter shapes a t  a veloci ty  o f 6 0 0  
feet per  secmd are shown in figure 20. In  general, the limits were 
narrower than those at 500 feet per second by 0.003 t o  0.005 in f u e l -  
a i r  r a t io .  The flame holder  with the upstream  vortex generators again 

" 
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e exhibited  poorer  lean limits, which may be due t o  the presence of tur- 
bulence  upstream of t he  flame s t ab i l i ze r .  Similar e f f ec t s  of upstream 
turbulence on s t a b i l i t y  limits were reported in reference 5, where in- 
creasing  turbulence  intensity  decreased the s t a b i l i t y  limits. 

The re l a t ive   i n sens i t i v i ty  of s t a b i l i t y  llmits t o  the gu t t e r  shapes 
investigated may be  due t o  the behavior of wake flow charac te r i s t ics  and 
t o  the dpamics of gas flow at blow-out. Changes in flow charac te r i s t ics  
in the  region  immediately  behind  the  gutter from those  observed durrzlg 
isothermal  flow  occur as a r e s u l t  of sea t ing  flame on the   gu t te r .  With 
combustion and expansion of gases  occurring,  the large differences in 
wake flow behind gu t t e r s  of various  shapes found during  isothermal flow 
(ref. 6) might be reduced during b m h g   t o  a -11 rec i rcu la t ing  type 
of flow that is sFmilar for a l l  gutter shapes. 

Another factor   contr ibut ing t o  the Bimilarity of s t a b i l i t y  limits 
for the various shapes might be the  dynamics of flow and the  coupling of  
flow variables  a t  impending blow-out.  Should the blaw-out  process init- 
i a t e  by Inab i l i t y  of flame t o  propagate into the maFn stream, as observed 
and  found t o  be  independent of gutter  shape in reference 5, the   g rea te r  
portion of the combustion react ion normally occurring in the bwper  would 
cease. In a chamber with a choked exit, a drop in combustion temperature 
due to   ce s sa t ion  of the  main portion of the cmbust ion  react ion would re- 
suit in a sudden  drop in chELmber pressure. The r ap id   peasu re  change 
followed  by a sudden accelerat ion of the approaching  fuel-air  mixture 
could  give rise t o  conditiaas a t  which even the flame s t ab i l i z ing  B O U T C ~  
is extinguished  despite  favorable  conditions that m i g h t  be created in the 
wake region by some particular  f lame-holder  gutter shape. In a combustion- 
chamber system with- a choked exit , the f a c t o r   c m t r o l l i n g  s t a b i l i t y  limits 
may then become the stabil i ty limits of the flame propagation prooess, 
which m i g h t  be  quite  independent of the e f f e c t s  of gu t t e r  shape rand of the  
mechanics of flame stabil izaticm in the wake of bluff  bodies. 

c 

- 

An investigation was conducted in a 26-inch-diameter afterburner test  
r i g   t o  determine the effect of flame-holder  gutter  cross-sectional shape 
on afterburner performance. The flame-holder shapes investigated  included 
a conventional V - g u t t e r ,  a cambered P-gutter, and V-gutters  modified  by 
the  addition of trail ing-edge tab8 o r  vortex  generators  both  upstream and 
a t  the  trailing edges. Also included were channel-shaped gu t t e r s  w i t h  
both rounded  and f la t tened  upstream faces.  

- The investigation covered  burner inlet veloc i t ies  ranging f r a m  380 
t o  700 fee t   per  second and burner pressures ranging f rm 6 t o  20 inches 
of mercury  absolute.  Cmbustion  efficiencies of about 90 percent were 
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obtained a t  a burner inlet velocity of 400 fee t   per  secmd and a  burner 
pressure of 15 Inches of mercury abeolute. A t  a burner -let velocity 
of 700 feet   per  second and a burner pressure of 8 Inches of mercury, 
combustion e f f ic ienc ies  of 60 percent were obtained. 

The e f f ec t  of increasing  burner Inlet veloci ty  and decreasing bur- 
ner  inlet   pressure on cmbust ian  eff ic iency x88 about the ~ame for a l l  
flame-holder  shapes. . A t  given  operating  conditions no trend of cmbus- 
t ion   e f f ic iency  w i t h  flame-holder  shape  could be isolated and shown t o  
be  consistent  with the trend a t  other  conditione; data sca t t e r  due t o  
random experimental  error  concealed any effects   present .  A procese 
which involved  averaging a large number of differences in combustion 
eff ic iency d id ,  however, reveal some e f f e c t s  of flame-holder  shape on 

gut te r  with a rounded upstream  face was found t o  give a oonibuetion 
eff ic iency 7 percentage  points  poorer than that of a ccwventiaaal v- 
gutter.  Addition af vor tex   genera tors   to   the   t ra i l ing  edge of a con- 
ventional  V-guttm improved the ombustian  efficiency  by 3 . 3 7 c 7 m t a g e  
points. Thus, an over-al l   var ia t ion in combustlon eff ic iency due t o  
flame-holder  shape of 10 percentage  points was found. The marLmum im- 
provement in Combustion efficiency over that for a conventional V- 
gut te r  flame holder was only 3.5 percentage  points, however. 

combustion efficiency. By this averaging,prooess a Channel-8hEtped 

The cmventianal  V-gutter flame holder was among those flame- 
holder a p e s  giving the lowest  preesure  drop  both with and without 
burning in  the combustion chamber. A t  a veloci ty  of 500 feet   per  second 
the pressure drop for a channel flame holder with a f l a t  upstream face 
and a V-gutter w i t h  shsrp-edged trail lng-edge  tabs,   the  poorest  flame 
holders Kith regard t o  pressure drop, gave pressure drops which were 1 
percentage  point  hi&r than the conventional  V-gutter. With burningJ 
the  differences in pressure  drop  betimen the conventional  V-gutter and 
these flame h O l d 0 r B  were from 2 t o  4 percentage  points. 

Flame-holder  shape hid a emall effect on stability limits. Turbu- 
lence  created by the  addition of vortex  generators  upstream of a con- 
ventlonal V-gutter  appeared t o  have a s l ight   adverse  effect  on the  lean 
lFmit of combustion. 

x 

Lees Flight Propulsion  Laboratory 
National  Advisory Committee f o r  Aeronautics 

Cleveland, Ohio, October 12, 1953 
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METHODS OF (2ILCDUTION 

Gas flow. - The gas flaw through the nozzle for a given series of 
runs was computed ae 

The gas flow was computed f o r  the cold flow condition (only pre- 
heater lit, T5 = 1250' F) and this flow was assumed t o  remain canstant 
durrzlg a l l  corresponding hot 111118 (afterburner lit) at the Bame setting 
of the  inlet-air supply valve. 

Air flow. 7 The weight of a i r  flow t h r o w  the  afterburner was 
computed as 

Burner inlet  velocity. - The continuity equation was  used in the 
followFng form t o  calculate  the  afterburner  inlet  velocity frm measure- 
ments of total  pressure, s ta t ic  pressure, and area made a t   s t a t i m  4 
and of afterburner  inlet temperature m a d e  at   station 2: 

Fuel-air  ratio. - Three siepiffcant  fuel-air ratios ueed in this 
report were defined as follows: 

&/a) I, = Wf /Wa (preheater) 
P 
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The method of obtaining (f/R)a ie as follows: 

(f/a)a = 
t o t a l  unburned fuel to   a f te rburner  

t o t a l  unburned air 

where 

(WfP - WfP ') = fuel not burned in preheater t ~ .  be 

f W O '  \ 

NACA FM E53Jl.4 

(". - ,+-) a s to ich  

charged to   a f te rburner  

[*J = air  theoretically  chemically consumed in  preheater 

Dividing  by Wa yielde 

but 

therefore, 

The value of (f/a)p'  18 obtained from t h e  ideal temperature rise 
curve (ref. 8) and measurements of the burner inlet t o t a l  temperature 
and the inlet-  a i r  supply  temperature  upstream of the preheat& 
(77k3O F) . 

Total  temperature  acFoss burner. - The burner t o t a l  temperature 
r a t i o  was derived from the cmtinuity  equation  applied a t  the choked 
nozzle th roa t  and is defined as 

m 
d rn 
N 



(0 
N 
I" 
(0 

NACA RM E53514 

Afterburner  combustion efficiency. - The afterburner combustion 
efficiency used in this  report is defined as follows: 

where T ' is the  ideql combustion temperature determined f r o m  the 

actual  over-all  fuel-air  ratio  (f/a) and the ideal temperature r ise  
curve of reference 8. 

5h 
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The significance of this combustion efficiency is indicated in fig- 
u r e  21. The ideal combustion temperature T%' calculated  with  the use 

of reference 8, which takes into account  -&he effect of dissociation, is 
shown as a broken curve. The experimental p o i n t s  shown are  typical of 
those obtabed in the flame-holder investigation. The combustion effic- 
iency a t  any experimental fuel-air  ratio is the  ratio of actual t o  
ideal  rise in temperature above the inlet gas temperature Tz. A com- 
bustion  efficiency defined in this m e r  evaluates, on the basis of 
an ideal combustor, the  effectiveness of the  afterburner combustion 
process in Great- a temperature increase. The proximity with which 
the  actual combustion temperature approaches the  Ideal temperature a t  
any given fuel-air  ratio is thus a measure of combustion efficiency. 

Although th is  combustion .efficiency  evaluates how closely  the burner 
approaches ideal combustion, it does not  adequately show the expenditure 
of fuel in obtain- an increment of  temperature increase.  Referring 
again t o  figure 21, in the  region of lean fuel-air r a t i o  the increment 
of fuel needed t o  obtain  a 100' r ise  in combustion temperature is repre- 
sented by A f a .  In the  region o f  rich  fuel-air  ratio near  stoichiometric, 
a much larger  quantity of fuel represented by  Afb is required t o  obtain 
the same 100' rise in temperature. 

It is also evident that if the  actual combustion temperature curve 
is everywhere equal in slope t o  the  ideal curve but  displaced a f ini te  
distance along the  ordinate,  the combustion efficiency will never be 
100 percent. The increment of fuel  required t o  obtain  a given increment 
of temperature rise, however, w i l l  be no greater than in the  ideal case. 

The  combustion efficiency discussed i s  p l o t t e d  In figure 22. Also 
shown in this  figure  for comparison is the  efficiency f o r  the 88ane data 
computed by the method given in reference 9, in which  combustion effici-  
ency was defined as the  ratio of the energy increase in the  afterburner 
t o  the ideal energy increase  obtainable from the same quantity of fuel. 
The agreement  between the two methods was wlthin 3 percent over the en- 
t i r e  range of afterburner  fuel-air  ratio. 
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SPMBOIS 

The fo l lowlng  symbols are used in this report  ; 

A €Lr8&, sq ft 

Cd diBcharge coeff lcient 

(f/a> wer-all fuel-alx ratio 

(f/a), sf’terbmer unburned-air fuel-air ratio 

(f/aIp preheatep fuel-alr ratzo 

Q 

K 

P 

P 

R 

T 

v 

wa 

acceleration due to gravity, 32.174  ft;/sec2 

vortex strength, ft2/sec 

total  pressure, lb/sq f% abs or in. Hg abs 

static premure, lb/sq f% sbs  or in. Kg ab8 

gas constant, 53-3 ft-lb/(DR) 

total  temperature, OR or OF 

velocity, ft/sec 

air flow, lb/sec 

- 

Wf fuel flow, lb/seo 

Y ratio of specific  heats 

tl combustion efficiency 

Subscripts : 

b afierburner 

a, 
d 
a, cu 

. 

C cold flow condition, only preheater  operative 
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h hot flaw condition,  preheater and afterburner  operative 
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P preheater 

2 before  spray  bars 

4 burner inlet (d i f fuser   ou t le t )  

N 
co 
t" 
W 

5 burner exit (nozzle M e t )  

6 exhaust-nozzle  throat 

Superscript : 

1 indicates   ideal  case 
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P l e m  ohamber-\ 

Supply a i r  

control valve 

( a )  General arrangement 

Figure 1. - Schematic layout of simulated afterburner t e s t  r i g .  
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Thin single Jet 
Air 

pressure pressure stat ic  
tubes tubes orifices 
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4 26 4 8 
5 12 - 2 
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" - 
'Instrumentation at  stations 1, 3, and 6 nc 

computation. 

(b) Burner details. (Dimemions are i n  inches.) 

Figure 1. - Schematic layout  aP sbulatea  afterburner  test rig. 
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0.72 

7 $ 4 3 $ * 0 4  g 

7 

-b 0.75 rad. 

(b) Cross sections of f ~ - h o l d e r  gutter shapes. 

Figure 3. - Flame-holder geometry. (Mmensions M i n  inches.) 
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Flame holders 6 and 9 

r NACA RM E53Jl4 

Outer ring Inner ring 

Flame holder 8; developed view of flame 
holder shown in flattened  position 

Inner 

(c) Vortex generator spacing of flame holaerg 6, 8, and 9. 

Figure 3. - Concluded. Flame-holder geometry. (Dimensions 
are in inches. 
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F m Z - t m  
thermocouple t i p  

0 Total-pressure  probe 
(0 stream static- 

0  all static-pressure 
+=P 

@ Themcouph 

pressure probe 

Fuel-sir  ratio probe 

(b) Station 4. 

. - Schematic diagram of lnetrumentation stations. 
lwldng damatman.) 



30 NACA RM E53Jl4 

(c) Ststion 5. 

Figure 4. - Concluded. Schematic diagram of instrumentation 
stations.  (View  looking  downstream.) 



NACA RM E53Jl4 - 31 

1000 
15 14 I3 12 11 10 

. Radius, in. 

(c) Burner inlet  pressure, 16.40 inches  mercury'absolute; 
burner inlet  velocity, 376 feet per second3 average gas 
temperature, 1266O F. 

Figure 5. - Gas temperature distribution at station 2. 
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Thermocouple d e 8  

Radius,  in. 

(f)  Burner  inlet pressure, 7.56 inches  mercury  abeolutej 
burner  lnlet.velocity, 404 feet  per  second;  average gas 

F. t 

Gss tempem,ture dfstribution st etation 2. 
. .. - temperature, 1279O 

Figure 5. - Concluded. 
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Figure 6. - Velocity profile a t  burner Inlet (etation 4) showing relative locations of flame-holder 
guttells. (view loo~ng downstream. ) 
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, preesure, 

.om 

.om 

.010 

.OB0 

.om 

,040 

.020 
(b) 23O Rasitlon. 

2 4 6 14 
Distance from outer wall, in. 

( c )  90' Position. 

Figure 7. - Fuel-air distributions  at burner inlet (ststion 4 )  at velocities of 480 to 
520 feet per second. 
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. O M  

-020 
0 2 6 8 Lo 14 

Meteace f r o m  outer wall, in. 

(b) 227' maition. 

Figure 8. - Fuel-air distributions at burner I n l e t  (sution 4) for three velocity l e v o  at 
air f l o w  of 20 pounds per second. 
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(b) Burner inlet pressure. 

0 * 02 .c4 .06 .OB 
Afterburner fuel-air ratio, (f/a)& 

( c )  Burner inlet velocity. 

Figure 9 .  - Typical performance data Kith conventional V-gutters. 
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(a) Burner  outlet  pressure. 

{e) Combuation  temperature. 

0 .02 .04 -06 .08 -10 
Afterburner  fuel-sir  ratio, (f/a), 

(f) m e r  total-pressure loss ratio. 

Figure 9. - Concluded. Typical performance data vlth conventional  V-gutters. 
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Flgura 10. - Cross plot of combustion efficiency at fuel-alr mtio of 0.W7 for various burner 
inlet preamuee. 
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Fhme-holder 
gutter shape 

Vortex-strength 
parameter, K/V 

Tota l  number 
experimental 

1p 
N 

48 29  259 149 212 139 132  105 38 119 

Figure 14. - Average differences  between combustion efYiciency of conventional V-gutter 
flame holder and combustion efficiencies of various flame-holder shapes. 
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0 200 400 600 800 
Burner inlet  velocity, v4, f t / sec  

Figure 15. - Effect of burner in le t   ve loc i ty  on burner  pressure loss 
r a t io  f o r  various flame-holder gut ter  shapes without  burning. 
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Burner temperature ratio, T ~ / T ~  

(b) Burner  inlet velocity, 600 feet per second. 

Figure 16. - Effect of burner tempersture ratio and inlet  velocity on burner pFe86ure lo88 
ratio for various gutter ehapes vlth burning. 
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16 

14 

12 

10 

8 

6 

4 
.02 .04 .06 08 .10 

Afterburner  fuel-air  ratio, (f/a)a 

Figure 18. - Stability  limits of flame holder 1 adjusted 
for  velocity  effect. 
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.02 .04 .06 .08 .10 
Afterburner fuel-air ratio, (f/a)a 

Figure 19. - Stability  limits st burner  inlet  velocity 
of 500 feet per second  for various flame-holder  gutter 
shapes. 
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.02 .04 .06 .08 .10 
Mterburner fuel-air  ratio,  (f/a)a 

Figure 20. - Stab i l i t y  limits at burner inlet veloci ty  
of 600 f e e t  per second for  various  flame-holder gutter 
shapes. 
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0 
a 

Figure 21. - Ideal  and experimental combustion temperatures a8 function of over- 
all fuel-air   ra t io .  Initial base  temperature, 540° R. 

80 

Method 
0 Present reports 
0 R e f .  9 

6003 .04 .E - .06 -07 -08 09 
Afterburner  fuel-air  ratio,  (f/a>, 

Figure 22. - Comparison of  combustion eff ic lency 'calcuhted by two different  
methods as function of afterburner  fuel-air   ra6io.  
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